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Reective oxygen spedies (ROS) involving snglet
oxygen (0y) have been implicated both in the aging
process and in degenerdtive discese. O, i produced in
biologica sysems by lipid peroxidaion and by enzyme
reactions involving lactoperoxidase and chloroperoxidase.
'0, is a0 produced through the interaction of the
ultraviolet-A  component (UVA) and visble light of
aunlight with endogenous photosendtizers such  as
porphyrinsand flavinsinthe skin.

Phendlic compounds are widdy used for the
production of pharmeceuticds as wel as dignfection,
coametic and food flavoring goods, and the skin is
inevitably exposed to these phendlic compounds.  Then,
an invedigation was done by deciron fpin resonance
(ESR) gpectroscopy whether phenolic compounds can
react with 102 to produce the oxidized compounds through
the generation of free radicd as an inteemediate The
phendic  compounds examined were  phendl,
o-methoxyphenal, p-cresol, p-methoxyphenal,
p-hydroxyphenylacetic acid, and p-hydroxybenzoic acid.

A fiveline ESR spectrum was obtained during
irradigion with UVA-vishle light (> 330 nm) in an
ar-saturated solution containing 1 mM phenol and 25 OM
hematoporphyrin (HP) and assigned to samiquinone (SQ).
The dgnd intensty of SQ was diminished by the addition
of a dngle oxygen quencher NalN; suggesing the
paticipation of l02 inthe productionof Q. Thefiveline

sgnd was ds obsarved in other para-monosubgtitued
phendlic compounds such as p-methoxyphenol  and
p-hydroxybenzoic acid, but not in  p-cresdl,
p-hydroxyphenylacetic acid and o-methoxyphenal.

The reationship between the signd intenaty of SQ
and the irradiaion time was invedtigated.  In the case of
phenal and p-hydroxybenzoic acid, the sgind intengty
increased gradudly with the irrediation time.  On the
other hand, in p-methoxyphenol the dgnd intendty
immediady reached the maximum, dthough it was the
sndles vdue among the three compounds These
results suggest the formation mechanism of SQ in phenal
or phydroxybenzoic add diffe's from tha in
p-methoxyphenol.

The production of hydroquinone (HQ) and
benzoauinone (BQ) during the reaction of phendl with ‘O,
was confirmed usng high peformance  liquid
chromatogragphy (HPLC)-dectrochemicd detector (ECD).
The time course of the yidd of BQ and HQ from the
reection of phenol or p-hydroxybenzoic acid with ‘O,
indicated thet BQ is the primary, and HQ the secondary,
oxidation product. On the other hand, the increase of
equivdent yidd of BQ and HQ in p-methoxyphenol
toward the irradidion time was observed, suggeding that
N was a firg produced, following the production of BQ
and HQ by dismutation of SQ. Thus it is gpeculated at
present that phenol or p-hydroxybenzoic acid reect with
"0, to form BQ, and the resuiting BQ is reduced with HP
anion radicd to gengrae SQ. On the other hand,
p-methoxyphendl reactswith ‘O, to form the endoperoxide,
and the resulting endoperoxide ultimatdy undergoes a
one-dectron reduction by p-methoxyphenol to generate
N.

These reaults indicate that SQ or BQ are conducted
by the oxidaion of para-monosubdituted phendlic
compounds and penetrdte into kin with 'O, The
resulting SQ may furthermore leed to the formation of O,



hydrogen peroxide, and ultimatdy the hydroxyl radicd.
Production of ROS can cause aging and carcinogeness
through severe oxidative sresswithin cdls.  On the other
hand, benzoguinone toxicity deveops through the
depletion of intracellular biologicd reductant glutathione.
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F ullerenes, such as Goand C; 4 are sengtive to light
a wavdengths longer than 500 nm and thus expected to
be an effective photodynamic thergoy agent, since bodily
tissues are mogt trangparent in this region of wavdengths
Water-soluble [J-cydodextrin-bicapped Co (Cs 4[1-CyD)
shows an eficient DNA-deaving activity in the presence
of NADH (dihydronicotinamide adenine dinudeotide) in
an Orsaurated agueous olution under visble light
irradiation. No DNA deavage hes been obsarved
without NADH under otherwise the same experimentd
conditions, dthough singlet oxygen (*O) hes been
detected by the ESR spinHrgpping of the Csd[1-CyD-O,
gydem. Thisindicatesthat naither the triplet excited Sate
of Csdd-CyD (Cs¢ I-CyD) nor O, produced via an
enagy trander from 3Cs¢ [1-CyD to O, is an actud
reective species, which isrespongblefor the DNA damage
under the present expeaimentd conditions  In the
presence of NADH, photoinduced dectron trandfer from
NADH to°Cs¢ [1-CyD occursto yield two equivaents of
the radicd anion (Ggo/0-CyD), which exhibits its
characteridic NIR band a 108 0 nm.  The dynamics of
the photoinduced dectron transfer has been examined by
monitoring decay of the triplet—triplet absorption band a
7 4 0 nm and concomitant rise of the NIR absorption band

a 108 0 nm dueto G /0-CyD with the use of laser flash
photolysis for the Csd[J-CyD-NADH sygem. In the
presence of O,, Cy0/0-CyD disgppears via the dectron
trandfer to O, to produce O,~.  An dectron transfer from
NADH to 'O, ds0 occurs to produce O,~.  The
formation of O, has been confirmed by the spin trapping
with DEPMPO
(5-diethoxyphosphoryl-5-methyl-1-pyrroline-N-oxide),

which is an dfident O, -trgoping agent.  The
reorganization energy for the reduction of O, to O, is
evduated as 434 kcd mat, which agrees with the
literature vaue determined directly for the sdf exchange
between ¥0,~ and ¥0,. This indicates that the electron
trander from Cgo/0-CyD to O, procesds via an
outer-sphere pathway. The O, thus produced gives
H,O,, ultimady yidding hydroxyl radicd, which is
shown to bethe actual DNA-deaving resgent in thisstudly.
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Catechins contained in green tea ae a dass of
bioflavonoids thet show a significant antioxidative activity.
Vitamin E (O-tocopherol, 0-TOH) isdso avery effective
biologicd antioxidant that can scavenge peroxyl radicasin
biologicd membranes, preventing oxiddive inj ury by
toxic and carcinogenic chemicds  However, little is
known aout the mechaniam of antioxidative
radica-scavenging reection, in which a hydrogen trandfer
from the phenalic hydroxyl group of catechin or O-TOH
to radica species occurs to produce the correponding
phenoxyl radica and the hydrogenated radicd species
There ae two posshiliies in the mechaniam of
hydrogen-trandfer reactions from phenalic anitioxidants to
radicad pedies i.e, a one-gep hydrogen aom trandfer or
dectron trander followed by proton trande. It has
previoudy been demondtrated that the effect of Mg?™ on
the  hydrogentrander NADH
(dihydronicotinamide adenine dinudeotide) andogues to
aminoxyl or nitrogen radicds provides a rdiable criterion

raes from

for didinguishing between the one-gep hydrogen a@om
trander and the dectron-trander mechaniams.

Wé report herein the effect of metd ions, such as
Mg? and Sc*, on the rates of hydrogen transfer from
(+)caechin @ o vitamn E  modd,
2,25,7 8 -pentamethyl-6 -chromanol), to redica secies,
such & 22-di(4 tert-octylphenyl)-1-picrylhydrazyl

(DPPH’), gdvinoxyl (G), ard cumylperoxyl redicds.

The detailed kindtic Sudies provide vauable mechanigic

ingght into the antioxidetive reactions of naturd

attioxidants ~ whether  the reaction between naurd
antioxidants and radicd species proceeds via one-dep

hydrogen aom trandfer or viadectron trander.

A kinetic study of ahydrogen-trandfer reaction from 1
to G has been parformed using UV-vis spectroscopy inthe
presence of Mg(ClOy), in deserated acetonitrilea 29 8 K.
The rate congants of hydrogen trandfer from 1 to G
determined from the decay of the absorbance & 428 nm
due to G increese dgnificantly with an increase in the
concentration of M. The kinetics of hydrogen transfer
from 1 to cumylperoxyl radical has dso been examinedin
propionitrile a low temperature with use of ESR. The
decay rate of cumylperoxyl radicd in the presence of 1
was d0 accderated by the presence of S(OSO,CR3)s.
These results indicate that the radica-scavenging reection
of (+)-catechin proceeds via dectron trander from1 to
oxyl redicds falowed by proton trander rather than viaa
onedep hydrogen a@om trander.  The coordination of
metd ions to the one-dectron reduced anions of oxyl
radicds may dabilize the product, resulting in the
acceleration of eectron trandfer.

In contragt to the radical-scavenging reections of 1, no
effect of Mg on rates of hydrogen transfer from 2 to
DPPH’ or G was observed in degerated acetonitrile at 29 8
K. Thus, thehhydrogentrandfer reaction of 2 proceedsvia
one-dep hydrogen aom trandfer rether than via dectron
trandfer followed by proton trandfer.
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Oxiddtive dress is important in the pathogenes's of
neurond cdl degthin Alzheimer’ sand Parkinson’ sdiseese
The protective role of antioxidants againg such pathogens
hes been widdy sudied, and this has promoted the
development of antioxidants for the treetment of diseases
asocigted with oxidative dress  Flavonoids such as
(+)-catechin () and quercetin (2) are plant phendlic
pigment products thet act as neturd antioxidants (Fig. 14 ).
Quercetin, on one hand, has been shown to protect againgt
oxidant inj ury and cdl desttby scavenging free redicds,
protecting againg lipid peroxidation, and thereby
terminating the chain-radica reection.  Ontheother hand,
there have been only a few reports on the use of
(+)-catechin for the treetment of free radicd-associaed
dissese, wheress the mechaniam to scavenge oxygen
radica has been wdl-dudied. F urthermore, its ability to
scavenge free radicds mugt be improved, and adeguate
lipophilicity is needed to pendrate the cdl membrane
before it is suitable for dinicd use We herein describe
the firg synthes's and characterization of the antioxidative
properties of a planar catechin andogue (3) (Fig. 14), in
which the catechol and chromen dructures in 1 are
condrained to be planar.

The planar catechin (3) was syntheszed via an
oxa-Pictet—Spengler reaction usng catechin and acetone
with BF#ELO as the acid. The dructure of 3 was
characterized by 'H and ®C NMR and UV-visble

Spectroscopy. The planar geometry of 3 was

subdartiated by single-crystd X-ray crysdlography of a
tetra-O-dlylated and ogue, in which the four OH groupson
the A and B rings are subdtituted by t-Bu(Me),S O groups.

The radicd-scavenging activities of 1, 2, and 3 were
compared using gdvinoxyl redicd as an oxyl redicd
species in degerated acetonitrile & 208 K. From the
decay of the dbsorbance @ 428 nm due to gavinoxyl
radica with regpect to the reection time were determined
the rate condants (K) for the radica-scavenging reactions
of 1,2, ard3as234 016,108 016 and 112 0 10°
M™ s?, repectivdy. Thus, the k value for 3 is about
5fold larger than that for 1 and gpproximatedy the same as
thet for 2.

Hydroxyl radicd is the mog reactive among
oxygen-derived freeradicals repongble for aging and free
radicd-mediaied inj ury. Therefore, the effects ofl, 2,
and 3 on hydroxyl radicd-mediated DNA breskage were
invesigated. = DNA-drand <cisson in  supercoiled
pBR322DNA was induced by a hydroxyl
radicd-generaing sysem using hydrogen peroxide in the
presence of Fé" (Fenton reaction). In contragt to the
pro-oxidant effects obsarved for 1 and 2, the addition of 3
protected DNA from Fenton reection-mediated damege
and 3 exhibited marked hydroxyl radica-scavenging
ability. Since 3isvey lipophilic compared to 1, the high
radicd-scavenging ability of 3 might be very useful for
suppressing free-radica associated events, epedidly inthe
cdl membrane.
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Fig. 14. Chemicd dructuresof (+)-catechin (), quercetin
(2), and planar catechin (3).
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Reactive oxygen species are now well-known
and important components of the oxiddive dress in
svad dissases, such as inflammaion, Pakinson' s
diseas, Alzheme’ s dissee dc. It has d0 been
uggested that nitric oxide and its oxidatively activaied
pecies, rective nitrogen gpecies, are involved in the
oxidative damage in such diseases. Peroxynitrite (PN) is
one reactive nitrogen pecies, and it has been suggested to
be formed from nitric oxide and superoxide in vivo.
Peroxynitrite is a highly reective oxidant, and causes
nitration on the arométic ring of free tyrosne and protein
tyrosneresidues. It was reported thet peroxynitrite induced
vaious oxidaive damages in vitro, for example LDL
oxidation, lipid peroxidation, DNA strand breskage and S0
on. Additiondly, tyrosne nitration is assumed to affect the
phosphorylation of tyrosine resdues in the subgtrate
protens of tyrosne kinexe in the cdlular dgnd
transduction. These data imply that the oxidizing and
nitrating reections of peroxynitrite may differently play
different pathological rolesin the oxidative Siress processss.
F rom this point of view, it is very useful and important to
discriminate the nitrating (nitrative) damage from the
oxidative damage reaction in the peroxynitrite-induced
damages

Various antioxidants have been reported to have an
inhibitory effect on the nitration of tyrosne, aswel asthe
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oxiddtion reaction by peoxynitrite However, the
relaionships between those two types of inhibitory effects
of single compound have not been quarntitatively discussd.

Previoudy we have briefly repoted that 5

methoxytryptamine (5SMT) and O-lipoic acid (LA) are
sective inhibitors for tyrogne nitration by peroxynitrite,

but not for oxidative dityrosne formation (NIRS-37

Annud Report). Adding to this result, we report here the
evauation and comparison of the inhibitory activity for the
nitration and the oxidation of tyrodne by peroxynitrite for

more than 4 0 reagents induding naturd and synthetic
compounds, to ducidate the unique property of tryptamine
derivatives and one synthetic compound.

Vaious compounds induding naurd and
synthetic compounds were subj ected to the assay for the
inhibitton of tyrogne nitration and oxidaion by
peroxynitrite. In the presence of the testing compound, 0.2
mM of freshly prepared peroxynitrite solution was mixed
with 1 mM of L-tyrosne in sodium phosphate buffer a
physologica pH. The products were andyzed by HPLC
with a UV and fluorescence detector sysem. It wes
confirmed that 3-nitrotyrosne was formed as a mg or
product of the reection. The formation of 3-nitrotyrosine
was dependent on the concentration of peroxynitrite and
L-tyrosne, as previoudy reported. The formation of 22 -
dityrosne was dso detected by fluorescence @ 4 10 nm (ex.
295 nm). The amounts of 3-nitrityrosne and 22 -
dityrosne were quantified as the nitrated and oxidized
products, repectively, and the percent production for the
control  reection (containing no testing resgents) was
cdculaed. Among the more than 4 0 compounds showing
the inhibitory effect on dther nitration or oxidation, the
IC50 vdues were determined for the 28 compounds
having sufficient efficacy.

To compare and characterize the inhibitory effect
of the 28 effective compounds, the IC50 vaues for the 3-
nitrotyrogine formation and the dityrosine formetion were
plotted on X - and Y -axes, repectivey (F ig. 15). Wefound



that 22 of 28 compounds hed vdues on the liney = X,
meaning that these compounds had the same inhibiting
potency for nitration asfor oxidation. It was suggested that
these compounds scavenged a common intermediate for
both nitration and oxidation reactions of peroxynitrite. e
aso found thet the remaining 5 compounds, meatonin, 5-
methoxytryptamine, tetrahydro-beta-carbaline, tryptophan,
lipoic acid and ADCC were off they = x line Mdaonin,
5-methoxytryptamine,  tetrahydro-beta-carboline,  and
tryptophan, which dl have an indole moiety, showed the
inhibitory effect only on the nitration of tyrosine, and they
were far above the line. This result indicated thet these
compounds apparently scavenged different intermediate
promoting the nitration reaction specificdly. However,
ADCC, a Henium-containing synthetic compound, was
plotted bdow the line, indicating that it scavenged the
intermediate for the oxidation more effectively than thet
for nitration.

The product of L-tyrodne and peroxynitrite
reection, 3-nitriotyrosne has a chaacteidic locd

absorption maximum (lambda max) a 274 nm. By

monitoring the absorbance change a this wavelength, we
meesured the production rate of 3-nitrotyrosne L-
Tyrosne solution in 0.1 N HCl and peroxynitrite solution
in 0.01 N NaOH were mixed, and the absorbance change
a 27 4 nm was recorded with a stopped flow photometer.
The reaction rate condant for the tyrosine nitraion was
found to be 36 3-38 6 x 10/1™s" as the second order rate
condant. It isknown that the reactivity of peroxynitrite for
the oxidation islike that of OH radicals which canreact in
a diffusonraelimiting manner. However, the rae
condant for the nitration caculated in this experiment was
much smdler than that for OH radicd reaction. This result
uggeds that the nitrating reaction haes different rate
limiting reaction gep(s). Fromthis point of view, the
nitreting reaction is not likdy to be a direct rebound
reaction of caged NO, radica s after dectron subtraction by
caged OH radicds from the aromatic ring of tyrosne
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Moreover, the pseudo-firg order rates are did not exactly
linearly correlated with the concentration of tyrosing, sothe
nitration by peroxynitrite may be a more complicated
reaction.

In condusion, dmog dl the compounds tested in
this sudy, induding typicd antioxidants, showed equal
inhibitory activity for both nitration and oxidation,
uggesting that these compounds scavenged the common
or primary intermediate for nitration and oxidetion.
However, indole derivatives tesed here sdectivey
inhibited the tyrodne nitration, suggesting that they
scavenged spedific intermediates for nitration, probably in
later steps of the reaction mechanism. ADCC, asdenium-
containing compound, however, inhibited dityrosne
formation preferably. We suggested thet there might be
ecific  intermedistes  for  tyrodne nitraion by
peroxynitrite different from the intermediate for the
oxidation reaction. The ratelimiting reaction for the
nitration was assumed to be very dow compared with OH
radicd-like reection of peoxynitrite It was ds0
demondrated that the effects of peroxynitrite due to the
nitrating reaction could be distinguished from the oxidizing
reection using these spedific inhibiting compounds.
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Peroxynitrite, or itsequivaent peciesare very srong
oxidants, and candidates for invitro substances leading to
oxidativeand “ nitrative gress’in various diseeses, such as
cadiovascular diseases, bran ischemia, Pakinson' s
disease, Alzhemer’ sdisease, spdsand o on. Nitration of
the free and protein tyrosne resdues is a unique reaction
of peroxynitrite and its equivdents. The protein tyrosne
nitration offers clues that reective nitrogen species (RNS)
like peroxynitrite and its equivaents are produced, and that
biologicd systems are damaged with RNS sresses. There
ae ome reports that the nitration of protein tyrosine
residues, induding cytochrome ¢, causes some changesin
itsfunctions. It was previoudy reported thet the nitration of
sngletyrosneresdue in cytochrome ¢ by ardaively low
dose of peroxynitrite results in the upregulaion of its
peroxidase activity for hydrogen peroxide, and in the
actud imparment of the membrane potentid formeation,
which is important for the ATP synthesis, in isolated
mitochondrid preparations (NIRS-4 1 Annua Reports).

It is dso wedl known that cytochrome c is an
important player in the mitochondria-dependent gpoptotic
cel desth. Regarding the response for gpoptotic simuli,
cytochrome c is released from the intermembrane space to
the cytosol, and it forms gpoptosome complexes with
caypae9 and Apa-1 to adtivate cagpae9 ad the
downgtream cagpases, resulting in the gpoptic death

Chemistry

execution. Here, we demondrate tha the nitration of
cytochrome ¢ by a prolonged exposure to peroxynitrite
atenuated its potency for the mitochondria-dependent
cagpase activation.

F or the low-dose reptitive trestment of cytochrome
¢ with peroxynitrite, 1 ul of 50 mM peroxynitrite in 0.01
M NaOH was repestedly added to the solution (1 ml) of
20 uM cytochrome c in PBS 20 times & 5-min intervas
while mixing (denoted a PN20X50).
peroxynitrite isungable at neutral pH, it is practicaly fully
decomposed 5 min dfter a tretment in PBS. For the
control  trestment, nNo peroxynitrite was added to the
cytochrome ¢ solution containing  decomposed
peroxynitrite equivdlent to the 20 pyl of 50 mM
peroxynitrite. After the addition of a total of 20 pl of
peroxynitrite solution, the resultant solution was confirmed
to be neutrd (pH 7 to 8). All the peroxynitrite-trested
cytochrome ¢ solutions were subj ected to a gd-filtration
with Sephadex G 25, and the concentrationswere adj  usted
according to the absorbance & 409 nm. With the
peroxynitrite treetment & the concentration range in this
experiment, the maximum absorbance and waveength of
the Soret-band (409 nm) had dmos no changes
blue-shift by only 0.2 nm in wavdength was found. A
solution of cytochrome c repetitively trested with low-dose
peroxynitrite in the presence of 5-methoxytryptamine
(5MT) weas ds0 prepared for the experiment on the
inhibitory  effet of 5MT.  Tetranitromethene
(TNM)-trested cytochrome c was dso prepared. TNM isa
proten  tyrodnenitraing  reegen.
Peroxynitritetrested  cytochrome ¢ was  hydrolyzed
enzymaticdly, and andyzed by reversed-phase HPLC, to
confirm the nitrotyrosne formetion. In the hydrolysate,
3-nitrotyrosine was detected, and it was confirmed that the
tyrasine nitration occurred on cytochrome ¢ by atreatment
of peroxynitrite.

Because

wdl-known

Cagpae activation assay in a cdl free system was



caried out usng a cytosolic fraction of C6 cdls and
exogenous  peroxynitritetreated  cytochrome  C.
Peroxynitritetrested or control  cytochrome ¢ was
incubated with cytosolic fraction & 30°C for 9 0 min. The
samples were subsequently aubj ected to SDSPAGE and
immunaoblotting with anti-deaved cagpase-3 antibody, and
visudized by chemiluminescence with ECL-plus resgents.
Thedeaved cagpase-3 formation indicatesthe activation of
the updream cagpase, cagpase9, memning tha the
cytochrome ¢ holds the ahility for the cagpase cascade
activetion.

As shown in Fig. 16, the peroxynitritetrested
cytochrome ¢ prepared by repetitive low dose trestments
dhowed a very low adtivity for the induction of the
procaspase-3 deavage in the in vitro gpoptod's assay. This
atenuation of the cagpase cascade activation was not
obsarved when the peroxynitrite-trestment was carried out
in the presence of 5MT, which is a nitrdion sdective
peroxynitrite scavenger. Furthermore, the TNM-treated
cytochrome ¢ dso lod its ahility for the cagpase cascade
adtivation. These results suggested that the nitration on
cytochrome c proteins resulted in the atenudtion of the
potency for the cagpase cascade activaion. They dso
implied that the nitrating stress by the low dose and
repeitive peroxynitrite exposure, which is likely dose to
the condition in vivo, induced cytochrome ¢ nitration and
the suppresson of the cytochrome c-dependent caspase
cascade activation.
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